©
Introduction
After oceans, soils represent the largest carbon (C) reservoir on Earth. To a depth of 1 m, soils contain 1550 Gt of organic C and 950 Gt of inorganic C, more than the sum of C stored in terrestrial vegetation (560 Gt) and the atmosphere (760 Gt -Lal 2004a -Lal , 2004b . The size of the soil organic carbon (SOC) pool reflects C inputs of plant-derived organic matter residues and C losses resulting from mineralization (as carbon dioxide), leaching of dissolved organic C, and erosion. Vegetation, precipitation, and temperature determine a steady state level of C content for each soil (Guo & Gifford 2002 , Paul et al. 2002 , Dawson & Smith 2007 , but this equilibrium between input and output can be modified by land-use change. In the last decades, one of the most important types of land-use change, particularly in the midlatitudes of the northern hemisphere, has been the abandonment of agricultural lands (FAO 2012) . In general, the abandonment of cultivated or grazed lands results in colonization by woody plants (secondary succession). The species composition of successional plant communities varies along with macro-and mesoclimate and other abiotic and biotic factors (West et al. 1981) . In the Mediterranean area, the recent abandonment of marginal agricultural areas (pasture and/or arable land) has caused an increase in the area occupied by pre-forest and forest communities (Bonet 2004) .
In the context of the Kyoto Protocol, research is needed to understand the process of C sequestration in soil. Areas subject to secondary succession are of particular interest because they might have great potential as C sinks (Alberti et al. 2011) . Soil C dynamics after agricultural abandonment have been quantified in many studies (Knops & Tilman 2000 , Davis et al. 2003 , Vuichard et al. 2008 , Kuemmerle et al. 2011 , and the spread of woody plants into grasslands/pastures/croplands is generally thought to increase the C stored in these ecosystems (Pré-vosto et al. 2006 , La Mantia et al. 2007 , Montané et al. 2007 , Alberti et al. 2011 . Some authors, however, have reported that secondary succession causes a reduction in soil C (Goodale & Davidson 2002 , Guo & Gifford 2002 , Jackson et al. 2002 , Paul et al. 2002 , Alberti et al. 2008 ). It follows that further studies are required on factors that determine whether SOC increases or decreases after agricultural abandonment. One of these factors may be climate (Jackson et al. 2002) . In a study in Italy, for example, changes in SOC after agricultural abandonment were significantly related to annual rainfall (Alberti et al. 2011) . C and N dynamics in soils of abandoned fields are also likely to be affected by plant community composition. The main way the vegetation influences C and N input into soils is through litter deposition (Koukoura et al. 2003 , Cortez et al. 2007 , Foote & Grogan 2010 . Many factors including temperature, moisture, pH, and other abiotic environmental conditions determine the quantity and quality of litter C and N inputs (Mayer 2008 , Poll et al. 2008 ) and the composition and abundance of the decomposer community (Rutigliano et al. 2004 , Aneja et al. 2005 , Cortez et al. 2007 , Liao & Boutton 2008 , Fioretto et al. 2009 ). All these factors change with time-since-abandonment because plant community composition and soil characteristics are in continuous transformation during succession (Luken 1990 , GlennLewin et al. 1992 ).
Litter quality, often measured as C/N ratio or lignin content, is frequently used to indicate the transformability of litter to humified organic matter. Regarding secondary succession, Montané et al. (2010) found that de-composability of aboveground litter in a Mediterranean mountain area was higher for grasslands than shrublands. The same authors concluded that a decrease in the decomposition rates of the aboveground litter was the main cause for a net increase in C sequestration upon shrub encroachment into grasslands. These observations are strongly linked to the activity of soil decomposer communities because there are close interactions and feedback between litter quality, plant community composition, and soil microbial activity and diversity (Liao & Boutton 2008) .
In this paper, we investigate the effects of woody plant colonization after grazing cessation on soil and aboveground litter C and N content along a bioclimatic transect in a semi-arid environment. Bioclimatic classifications were used to subdivide the investigated territory into areas sharing homogeneous conditions for the growth of plant communities. By using a bioclimatic transect, we could directly relate variations in C and N contents to temperature and rainfall regimes, and indirectly relate these variations to plant community composition. We attempted to determine whether soil C and N storage are affected by stage of succession and bioclimate. To interpret our results, we also collected data on the changes of litter quality and mass during succession and among bioclimates. We focused on two main questions:
• Is there an overall influence of bioclimate on soil and litter C and N content? • Do soil and litter C and N dynamics during succession differ among bioclimates?
Materials and Methods

Study site
The study site was located in the Madonie Mts., a calcareous massif of northern Sicily (Italy - Fig. 1) , where large areas of marginal agricultural land were abandoned during the second half of the 20 th century. Because of their elevation gradient, ranging from sea level to 1979 m a.s.l. (Pizzo Carbonara), the Madonie Mts. have a variety of bioclimatic conditions. To characterize local bioclimate, we used data reported by Drago et al. (2002) . These authors developed an accurate geostatistical model of Sicilian bioclimatic belts by interpolating data collected over 30 years by thermo-pluviometric stations all across the island. An overview of the potential vegetation of Sicily (Bazan et al. 2010) recently confirmed this interpretation of the climatic data.
To characterize local bioclimates, RivasMartínez's (2004) indexes were used: the ombrotype is based on the mean annual precipitation, while the thermotype is based on the temperature regime as indicated by the thermal index It, which is calculated as follows (eqn. 1):
where T is the mean annual temperature (°C); M is the mean of the maximum temperatures of the coldest month (°C), and m is the mean of the minimum temperatures of the coldest month (°C).
Our analysis showed that the study site is characterized by a combination of three thermotypes (supra-, meso-, and thermo-mediterranean) and five ombrotypes (upper humid, lower humid, upper subhumid, lower subhumid, and upper arid). We then selected three experimental areas (Fig. 1) within each of the three most representative bioclimates, i.e., within the "supramediterranean-lower humid" (henceforth: "supra"), "mesomediterranean-lower humid" ("meso"), and "thermomediterranean-lower subhumid" ("thermo") belts (Tab. 1). In each experimental area, three successional stages representing a (post-) pasture succession series were selected: (1) grazed pasture without woody species; (2) shrubland; and (3) forest. Successional stages in each experimental area were located in direct proximity to each other and Tab. 1 -Environmental features of the experimental areas. Abbreviations: (supra): Supramediterranean-Lower Humid; (meso): Mesomediterranean-Lower Humid; (thermo): Thermomediterranean-Lower Subhumid; (T): mean annual temperature; (R): mean annual rainfall; (UTM): UTM coordinates of the areas; (Alt): altitude. Climatic data after Drago et al. (2002) Drago et al. 2002) .
I t =(T +M +m)⋅10
characterized by comparable abiotic conditions (aspect, slope, soil type, rock outcrop, stone cover, etc). Soil homogeneity among the three experimental areas within the same bioclimate was checked visually. Plant community composition differed depending on successional stage and bioclimate (Tab. 2). All sampled successional stages showed vegetation cover values of 95 ± 5% (mean ± standard deviation), with a maximum of 5% cover of rock outcrop and stones. Pastures were dominated by grasses and perennial herbs (Tab. 2), with woody cover < 5%. Shrublands were dominated by Rosaceae in "supra", by Rosaceae and Spartium junceum L. in "meso", and by sclerophyllous shrubs (Rhamnus alaternus L., Pistacia lentiscus L.) and Spartium junceum in "thermo". In all shrublands, shrubs represented a woody cover of 65 ± 15%, while the remaining part was covered by annual and perennial herbs and grasses. Forests were dominated by beech in "supra", by downy oak and holm oak in "meso", and by downy oak in "thermo". Tree cover in all bioclimates was 90 ± 5%, with intermediate values of understorey shrub (30 ± 15%) and herb (20 ± 10%) cover. According to Bazan et al. (2010) and considering the differences between the three bioclimatic belts, potential vegetation of the selected experimental areas was ascribed to the following associations: Abandonment age of the sampled successional stages was determined by evaluating aerial photographs taken in 1955 (produced by Istituto Geografico Militare, Florence, Italy) and 1987 (Regione Siciliana, Palermo, Italy). All sampled forests had been abandoned for more than 50 years, while all sampled shrublands had been abandoned for 25-50 years. Areas that were sampled as forests in 2011 had, in 1955, 15 ± 5%, 20 ± 5%, and 10 ± 5% tree cover and 75 ± 20%, 50 ± 10%, and 45 ± 40% shrub cover in "supra", "meso", and "thermo", respectively. The same areas in 1987 were characterized by 70 ± 35%, 90 ± 10%, and 50 ± 30% tree cover and 30 ± 25%, 10 ± 5%, and 40 ± 15% shrub cover, respectively. All areas that were sampled as shrublands in 2011 were grazed pastures (woody cover < 5%) in 1955, and in 1987 had 25 ± 20%, 35 ± 5%, and 25 ± 5% shrub cover and no tree cover in "supra", "meso", and "thermo", respectively.
Soil sampling and analysis
Soil was sampled according to the protocol of the Italian National Inventory of Forests and Forest Carbon Pools (Gasparini et al. 2008) . Litter on soil was collected within a 30 × 30 cm square, and litter mass was expressed as t ha -1 . After the litter was removed, mineral soil samples were collected at depths of 0-10 cm and 10-30 cm using a 340 and a 680 cm 3 cylinder, respectively. In each successional stage, three soil samples (replications) were collected at approximately 10-m intervals along a linear transect (3 bioclimates × 3 experimental areas × 3 succession stages × 2 depths × 3 replications = 162 soil samples). In shrublands, soil samples were collected under the canopies of randomly selected shrub individuals.
Litter and soil samples were stored in a bag and immediately send to the laboratory. Litter samples were oven dried (55 °C), weighed, and then analysed for C and N content.
Soil samples were gently broken, passed through a 2-mm sieve, air dried, ground to a fine powder, treated with HCl 2:1 to remove carbonates (ISO 10694 1995) , and then analysed for C and N content using a CHN-Elemental Analyzer. SOC content was first expressed as a percentage (g of C per 100 g of dry soil × 100) and then converted to Mg per hectare based on bulk density (BD) and soil depth using the following equation (eqn. 2):
where BD is bulk density (g cm -3
), Cconc is carbon concentration (g/100 g), D is depth thickness (m), and CFcoarse is a correction factor [1-(gravel % + stone %) /100].
Soil bulk density was measured using the tube core method (Blake & Hartge 1986) and was based on the volume of the collected sample and the weight of dry soil in the sample.
Data evaluation
We used ANOVAs to compare the effects of bioclimate (supra-, meso-, and thermomediterranean), successional stage (pasture, shrubland, and forest), soil depth (0-10 cm and 10-30 cm), and their interactions on SOC stock, BD, soil N content, soil C/N, aboveground litter C content, aboveground litter N content, and aboveground litter C/N Tab. 2 -Dominant plant species (in alphabetical order) in each successional stage of the studied bioclimates (information from the three replications per successional stage was grouped). Abbreviations for bioclimates are explained in Tab. 1. where Colder is the SOC content at late successional stages, and Cearly is the SOC content at early successional stages. A regression analysis was then performed to determine whether CCI was related to altitude. A similar analysis was performed for N content (nitrogen change index, NCI). All analyses were carried out using the SAS statistical package (SAS Institute 2001).
Bioclimate
Results
Overall differences among bioclimates
All measured soil and litter parameters differed among bioclimates (Tab. 3). SOC and soil N increased from "thermo" to "supra" at both soil depths (Fig. 2) . C stock and N content changed significantly with soil depth (Tab. 3): the 0-10 cm depth contained more C and N than the 10-30 cm depth (Fig. 2) . Litter C/N ratio was lower in "supra" than in "meso" and "thermo", and mean soil C/N ratio was lower in "supra" and "meso" than in "thermo" (Tab. 4, Fig.  3 ).
Differences among successional stages within bioclimates
Only the 0-10 cm soil depth showed significant differences for the measured parameters among successional stages within bioclimates. The CCI showed a significant trend only for the 0-10 cm depth, with negative values in "supra", values near zero in "meso", and positive values in "thermo" (Fig. 4) . The NCI did not show any significant trend. At 0-10 cm soil depth, secondary succession in "supra" led to a decrease in SOC from pasture to shrubland and then to an increase from shrubland to forest (Tab. 4). Interestingly, SOC values were lower for forests than pastures in "supra". In "meso", however, SOC did not vary with secondary succession, while in "thermo", SOC values increased from pasture to shrubland but did not significantly change from shrubland to forest. "Thermo" forests had the lowest SOC values of all the considered forest communities.
Source of variance
Soil N, on the other hand, increased with succession in "supra", while in "meso" and "thermo" it decreased from pastures to shrubland and increased from shrubland to forest. Soil N was about 6-7 times lower in "thermo" forests than in "supra" ones.
Soil C/N ratio decreased with succession in "supra", but showed no significant trend in "meso" and tended to increase with succession in "thermo". Soil C/N ratio values were similar for "supra" and "meso" but were iForest (2013) more than two times greater in "thermo" than in "supra" and "meso". C stocks in litter increased significantly with succession in "meso", while in "thermo" litter C increased from pasture to shrubland and decreased from shrubland to forest. In "supra", litter C increased from pasture to shrubland but not from shrubland to forest. Litter N increased with succession in "meso" but peaked in shrublands in "supra"; litter N in "thermo" increased from pasture to shrubland but not from shrubland to forest.
Litter C/N ratio increased in "supra" and "thermo" from pasture to shrubland and from shrubland to forest, but did not change significantly with succession in "meso". "Supra" succession was characterized by the lowest litter C/N ratios with respect to the other two bioclimates. The largest increase in C/N ratio occurred in "thermo" secondary succession.
Discussion
Overall differences among bioclimates
The results obtained in this investigation confirmed an overall influence of bioclimate on soil and litter C and N content. Soil C stocks and N contents decreased from the colder, wetter climate to the warmer, drier climate. This observation can be explained by the combined effects of litter quality and limiting abiotic factors, which vary along an elevation gradient (Knoepp et al. 2000) . Because net primary production in semi-arid environments can be limited by high temperatures and drought (Dai & Huang 2006) , the lower quantity of litterfall may account for lower soil C and N contents observed in thermomediterranean areas than in the mesoand supramediterranean areas. In contrast to soil C and N content, litter mass was greater in the warmer, drier thermomediterranean areas than in the colder, wetter meso-and supramediterranean areas. The latter findings may be interpreted as an effect of soil moisture, in that low soil moisture in drought periods may reduce litter decay rates by influencing the activity of soil microorganisms (Hontoria et al. 1999 , Mayer 2008 , Incerti et al. 2011 .
In addition, different bioclimates correspond to different vegetation types, which in turn produce litter of different quality. Indeed, mean C/N ratios were higher in "thermo" litter than in "supra" or "meso" litter, suggesting that reduced litter quality could have decreased the rate at which "thermo" litter decayed and thereby contributed to a reduced soil C and N accumulation in that bioclimate. Drier and warmer sites are also characterized by higher cover values of plants with an evergreen habit, which is another trait related to reduced litter quality (Pérez-Harguindeguy et al. 2000) .
Differences among successional stages within bioclimates
Our study confirmed that soil and litter C and N dynamics differ along the succession. Changes in C stocks and N contents in relation to successional stage may be due to change in plant community composition (Koukoura et al. 2003 , Prévosto et al. 2006 , change in litter quality (also due to an increase in the content of secondary compounds, such as lignin or polyphenolic substances - Cortez et al. 2007 , Montané et al. 2010 , increases in soil moisture and decreases in soil temperature with shrub encroachment (Carl & Richter 1989 , Franco-Pizana et al. 1996 , change in soil microbial (Rutigliano et al. 2004 , Fioretto et al. 2009 , Jangid et al. 2011 ) and macrofaunal (Decaëns et al. 1998 ) community structure, and decreases in bulk density following grazing abandonment and subsequent increases in the mineralization of soil organic matter (Mayer 2008) .
Changes in C stocks and N contents with succession were greater in the 0-10 cm depth layer than at 10-30 cm depth both in the current study and in previous ones (Liao & Boutton 2008 , Foote & Grogan 2010 . This may be due to litter, which causes the upper mineral soil layers to respond more rapidly than deeper layers to changes in aboveground C and N inputs. Moreover, bulk density decreased after grazing cessation (i.e., with the cessation of trampling) in the uppermost mineral soil horizon, but not in the deeper layers (Prévosto et al. 2006) .
The successional differences in C stock and N content between the studied bioclimates may be due to the contrasting effects of litter transformability into humified organic matter and input mass, soil microclimate and soil C/N ratio, and the interaction among these factors. In general, the amount of C input into soil mineral layers is enhanced by the increase of the mass of aboveground litter, by more favorable soil microclimate for the transformation of litter to particulate organic matter, and by lower litter C/N ratios. Thus, ceteris paribus, all the above factors may determine a SOC lift up. In contrast, the presence of lignin or other secondary compounds in the litter may hamper its transformation as humified organic matter, lessening C inputs into soil mineral layers and thus reducing SOC. Lower soil C/N ratios and higher mineralization rates of soil organic matter with soil decompaction after grazing cessation would also decrease SOC. We hypothesize that the importance of some of these factors changes with bioclimate. In fact, our results indicate that SOC in "supra" succession is most influenced by changes in litter quality, while SOC in "thermo" succession is most influenced by changes in microclimate. Succession in "supra" started from pastures with high SOC stocks, high-quality litter, and a high soil C/N ratio. The subsequent decrease of SOC with shrub encroachment is caused by a decrease in litter transformability and an increase in mineralization rates of soil humified organic matter after soil C/N and bulk density decrease, which outweigh even the strong increase in litter C input occurring with succession from herb-dominated pasture to shrubland in the "supra" bioclimate. The subsequent increase of SOC with succession from shrubland to forest, however, is not driven by the same factors, because litter quality, soil C/N ratio, and bulk density decreased further. Although increased litter input might account for the SOC increase, we did not observe a significant change of litter C from shrubland to forest. It follows that SOC was influenced by some unknown factor that was not measured in our study. In contrast to SOC in "supra", SOC in "thermo" increased during shrub encroachment into grasslands. Because soil C/N ratio strongly increased at the same time, the SOC increase may be due to reduced mineralization rates of soil humified organic matter. The observed reduction in litter transformability into humified organic matter apparently had a weaker effect on SOC dynamics in "thermo" than in "supra". In "thermo", the limiting climatic conditions, i.e., low soil moisture and high temperature, could have played a major role in SOC increase because they reduce the rate of decay (Hontoria et al. 1999) especially in the pastures, where no shrub layer intercepts solar radiation and mitigates climatic conditions. The effects of low soil moisture and high temperature, however, are increasingly moderated as succession proceeds, and shrubs and then trees intercept the light and moderate the microclimate for litter decomposers (Garcia-Pausas et al. 2004) .
Values of litter C/N observed in this study are comparable to those reported by other studies of thermomediterranean sites (Garcia-Pausas et al. 2004 , Rodríguez Pleguezuelo et al. 2009 , Castro et al. 2010 . Contrastingly, we observed values for soil C/N higher than those in comparable studies. Previous investigations reported soil C/N ratios ranging from 10 to 21 for thermomediterranean grasslands (Fanelli et al. 2008 , Marzaioli et al. 2010 , shrublands (Bonet 2004 , Sardans et al. 2008 , and forests (Pinzari et al. 1999) . The high soil C/N that we observed in pastures may be due to wildfires (commonly linked to grazing activity in Sicily), and the subsequent N leaching from soil (Romanyà et al. 2001 ). The plant communities in thermomediterranean pastures are dominated by graminoid species with lower N leaf contents and litter decomposition than forbs (Cornwell et al. 2008) , while meso-and supramediterranean pastures are dominated by forbs. Because the sclerophyl-lous, evergreen woody species that colonize thermomediterranean pastures are also characterized by low N contents (Kazakou et al. 2009 ), the transformation of their litter into humified organic matter immobilizes soil N (Papa et al. 2008) . As a result, soil C/N increases with shrub encroachment.
As opposed to succession in "supra", succession from shrubland to forest in "thermo" was not associated with an increase in SOC. The negative effect on SOC that could have been expected from the strong decrease of litter transformability (probably due to the growing cover of evergreen sclerophyllous species) and from a decrease in litter C input and bulk density, was clearly counterbalanced by the simultaneous reduction of mineralization rates of soil humified organic matter (due to soil C/N increase) and probably by soil microclimate or some other factors not measured in our study. Given the reduction of litter C input in the transition from shrublands to forests, we hypothesize that the increasing shrub cover could create more favorable conditions for the transformation of the high amounts of litter accumulated during shrub encroachment, whose decaying in "thermo" is hampered by the low moisture and high temperatures. Consequently, the substantial increase in the decay of litter mass would result in the substantial increase of inputs into the SOC pool.
Under "meso" conditions, the SOC stock remained stable along the succession gradient. Because litter C/N ratio but not litter quantity was also stable along the successional stages, litter quality could be a major factor influencing SOC in "meso". However, we cannot exclude the possibility that the stabilization of SOC in "meso" could be the effect of two opposing factors: an increase in litter C input with succession would tend to increase SOC, while the decreases in bulk density and soil C/N ratio would tend to decrease SOC.
It is surprising that litter quality in "meso" remained stable along the successional gradient because shrub encroachment is accompanied by an increase in litter lignin content, which is expected to increase litter C/N ratio (Montané et al. 2010) . Along the succession from pasture to shrubland, litter N increased less rapidly than litter C in "thermo" and "supra", but increased at equal rates in "meso", indicating that differences in litter quality among bioclimates were caused by differences in the colonizing shrub species. Vegetation in "supra" evolves from herb-dominated pastures with high-quality litter to deciduous shrublands, where litter quality is moderately lowered by lignin content. In contrast, vegetation in "thermo" evolves from pastures dominated by perennial grasses to evergreen low maquis, causing a strong reduction of litter quality due to enhanced lignin content and the presence of evergreen leaf litter. In "meso", litter quality does not change significantly because the vegetation evolves from herb-and grass-dominated pastures to mainly deciduous shrublands, both of which produce litter of moderately low quality.
Conclusions
The present study showed that soil C and N storage in a semi-arid environment are affected by stage of succession and bioclimate, and that litter quality plays an important role in SOC dynamics. The differences in C stocks and N contents among bioclimates apparently reflected the contrasting effects of litter input (net primary production) and its transformation into humified organic matter (litter quality, temperature, and moisture). Successional changes in "supra" and "meso" seemed to be most influenced by litter quality, while those in "thermo" appeared to be strongly influenced by limited litter decay due to low soil moisture and high temperature.
